The synthesis of 4,7,10,13,16,19-docosahexaenoic acid (22:6(n-3)) requires that when 6,9,12,15,18,21-tetracosahexaenoic acid (24:6(n-3)) is produced in the endoplasmic reticulum, it preferentially moves to peroxisomes for one cycle of ␤-oxidation rather than serving as a substrate for membrane lipid synthesis. Both 24:6(n-3) and its precursor, 9,12,15,18,21-tetracosapentaenoic acid (24:5(n-3)), were poor substrates for acylation into 1-acyl-sn-glycero-3-phosphocholine (1-acyl-GPC) by rat liver microsomes. When peroxisomes were incubated with 1-14 C-or 3- -dienoylCoA isomerase and 2,4-dienoyl-CoA reductase. The accumulation of the substrate for 2,4-dienoyl-CoA reductase, as generated from 22:6(n-3), but not from 20: 5(n-3), suggests that this enzyme distinguishes between subtle structural differences. When 22:6(n-3) is produced from 24:6(n-3), its continued degradation is impaired because of low 2,4-dienoyl-CoA reductase activity. This slow reaction rate likely contributes to the transport of 22:6(n-3) out of peroxisomes for rapid acylation into 1-acyl-GPC by microsomes.
It has generally been accepted that polyunsaturated fatty acid biosynthesis takes place in the endoplasmic reticulum which is also the major intracellular site for phospholipid biosynthesis (1-3). Our recent studies have shown that 7,10,13,16,19-22:5 and 7,10,13,16-22:4 were not desaturated, respectively, to 4,7,10,13,16,19-22:6 and 4,7,10,13,16-22: 5 by a microsomal acyl-CoA-dependent 4-desaturase. Instead, they were metabolized to 24-carbon (n-3) and (n-6) acids in the endoplasmic reticulum. The synthesis of 4,7,10,13,16,19-22:6 and 4,7,10,13,16-22:5 thus requires that the 24-carbon precursors move to a site for partial ␤-oxidation followed by the esterification of the chain-shortened products (4, 5) .
Peroxisomes partially degrade long chain fatty acids, and the chain-shortened intermediates may then move to mitochondria where ␤-oxidation is completed (6, 7) . Long chain unsaturated acids are also partially degraded with the subsequent esterification of chain-shortened products into membrane lipids (4, 5, 8) . Several types of evidence suggest that peroxisomes are the intracellular site for partial ␤-oxidation. Liver phospholipids, from a patient with Zellweger's syndrome, which lack peroxisomes, had reduced levels of both esterified 4,7,10,13, 16-22:5 and 4,7,10,13,16,19-22:6 (9) . When 3-14 C-labeled 7,10,13,16-22:4 and 7,10,13,16,19-22:5 were incubated with fibroblasts, they were metabolized to yield, respectively, esterified 5,8,11,14-20:4 and 5,8,11,14,17-20:5 in control, but not in cells from patients with Zellweger's syndrome (10) . Normal fibroblasts metabolized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]9,12,15-18:3 to yield radioactive 4,7,10,13,16,19-22:6 while 24-carbon (n-3) acids were the end metabolites when identical incubations were carried out with fibroblasts from patients with Zellweger's syndrome (11) .
The above studies show that peroxisomal partial ␤-oxidation is, in essence, an anabolic reaction used to chain-shorten endoplasmic reticulum-generated products for subsequent esterification into membrane lipids. We recently demonstrated that peroxisomes do not contain acyl-CoA:1-acylglycero-3-phosphocholine acyltransferase (12) . The implication of this finding is that partial ␤-oxidation products, generated by peroxisomes, must move back to the endoplasmic reticulum for esterification into membrane lipids (12, 13) . The synthesis of 4,7,10,13,16, 19-22: 6 from dietary precursors, and its subsequent esterification into membrane lipids, are thus processes that require the extensive movement of fatty acid between the endoplasmic reticulum and a site for partial ␤-oxidation which is most likely peroxisomes. The study reported here was undertaken to determine what intracellular processes regulate the synthesis and subsequent esterification of 4,7,10,13,16,19-22:6 into membrane lipids.
EXPERIMENTAL PROCEDURES

Materials-ATP, NAD
ϩ , NADPH, CoASH, dithiothreitol, and essentially fatty acid-free bovine serum albumin were obtained from Sigma. Lactate dehydrogenase and Nycodenz (Accudenz) were obtained, respectively, from Boehringer Mannheim and Accurate Chemicals and Scientific Corp. 1-Palmitoyl-2-sn- [1-oleoyl-14 C]glycero-3-phosphocholine was from DuPont NEN while 4,7,10,13,16,19-22:6 was obtained from Nu-Chek Prep. All other labeled and unlabeled fatty acids were made by total synthesis (4, 5) .
Isolation of Peroxisomes and Microsomes from Rat Liver-Male Sprague-Dawley 200 -250-g rats, were fed Purina chow with, and without, 0.5% clofibrate (Dyets, Inc., Bethlehem, PA) and sacrificed after 8 days. Peroxisomes were isolated in essence by the method of Das et al. (2) , as described previously (13) . Briefly, liver was homogenized in 0.25 M sucrose, 1 mM EDTA, 0.1% ethanol, 10 mM TES, 1 pH 7.5. The nucleic and heavy mitochondrial fractions obtained by centrifugation at 600 ϫ g and 3,300 ϫ g for 10 min, were discarded. The light mitochondrial pellet that was recovered after centrifugation at 25,000 ϫ g for 17 min was resuspended in the homogenizing buffer and centrifuged at 25,000 ϫ g for 12 min. An additional wash was done under the same conditions. The pellet was then suspended in the homogenizing medium in a volume corresponding to 1 ml for every 2 g of liver. Two ml of this suspension was layered on 15 ml of 35% Nycodenz (w/v) containing 10 mM TES, 0.1% ethanol, and 1 mM EDTA, pH 7.5, which was then centrifuged at 56,000 ϫ g for 45 min. The peroxisomal pellet was suspended in the incubation medium which contained 130 mM KCl, 20 mM Hepes, pH 7.2. The protein concentration was adjusted to 3 mg/ml as determined by protein assay using the Coomassie Blue reagent (Pierce) with bovine serum albumin as the standard. To prepare microsomes, the 25,000 ϫ g supernatant was centrifuged at 110,000 ϫ g for 45 min. The microsomal pellet was resuspended in 0.6 M KCl, 0.1 M phosphate, pH 7.4, and, after recentrifugation at 110,000 ϫ g for 45 min, the microsomal pellet was suspended in 130 mM KCl, 20 mM Hepes, pH 7.2, and stored at Ϫ80°C. Fatty Acid Activation-Peroxisomes, or microsomes, 10 or 50 g of protein, were incubated in a total volume of 0.2 ml at 37°C in a medium that contained 130 mM KCl, 20 mM Hepes, 10 mM Mg 2ϩ ATP, 0.4 mM CoASH, and the sodium salt of fatty acids (2 Ci/mol) bound to bovine serum albumin in a 2:1 molar ratio. Reactions were initiated by the addition of peroxisomes. The fatty acid concentrations varied from 12.5 to 150 M. Reactions were terminated after 2 min by addition of 2.5 ml of isopropyl alcohol, heptane, 0.1 N H 2 SO 4 , 40:10:1 (v/v), followed by the addition of 1.5 ml of n-heptane and 1 ml of H 2 O. The upper layer was discarded and the bottom layer was washed twice with 2 ml of heptane (14) . The bottom layers were transferred to scintillation vials and counted in 10 ml of ACS II (Amersham). Maximum rates of activation were determined from Lineweaver-Burk plots.
Microsomal Acylation of 1-Acyl-GPC-The CoA derivatives of fatty acids were made via their mixed anhydrides. Maximum rates of acylation were determined spectrophotometrically (15) . The incubation mixture contained 50 M acyl-CoA, 300 M 1-acyl-GPC, 2 mM 5,5-dithiobis-(2-nitrobenzoic acid), and from 25 to 200 g of microsomal protein in 1 ml of 0.1 M Tris-HCl (pH 7.4).
Peroxisomal Metabolism-To measure rates of ␤-oxidation, fatty acids were preincubated at 37°C for 2 min in a shaking water bath, in a medium that contained 130 mM KCl, 20 mM Hepes (pH 7.2), 0.1 mM EGTA, 0.5 mM NAD ϩ , 0.2 mM NADPH, 0.1 mM dithiothreitol, 0.4 mM CoASH, 10 mM Mg 2ϩ ATP, 20 mM pyruvate, and 2 units of lactate dehydrogenase, pH 7.2, in a total volume of 1 ml (16) . All the fatty acids (2 Ci/mol) were bound to bovine serum albumin in a 2:1 molar ratio. Reactions were initiated by the addition of peroxisomes. At various times, 200-l aliquots were removed and added to an equal volume of 5% HClO 4 . After 30 min at 4°C, the samples were centrifuged, and 200 l was counted to measure acid-soluble radioactivity. Other incubations also contained 100 M 1-acyl-GPC and 300 g of microsomal protein. After 30 min, the reactions were terminated by the addition of 3.3 ml of MeOH and 6.6 ml of CHCl 3 followed by 100,000 dpm of 1-palmitoyl-2-sn- [1-oleoyl- 14 C]glycero-3-phosphocholine as an internal standard. The tubes were centrifuged and the bottom organic layer was taken to dryness under a stream of N 2 . Neutral lipids were separated from phospholipids by the sequential elution of Pasteur pipettes packed with Unisil (Clarkson Chemical Co., Williamsport, PA) with 10 ml each of CHCl 3 and MeOH. The MeOH was removed under N 2 , and the phospholipids were interesterified by stirring them overnight with 5% anhydrous HCl in MeOH. The methyl esters were recovered by extraction with hexane. They were separated by reverse phase HPLC by eluting a 0.46 ϫ 25 cm Zorbax ODS column with acetonitrile/water, 90:10 (v/v), with a flow rate of 1 ml/min. The effluent was mixed with ScintiVerse LC (Fisher) at 3 ml/min, and radioactivity was detected with a Beckman 171 radioisotope detector. The nanomoles of esterified radioactive metabolites were quantified from the amount of radioactivity associated with methyl oleate.
Metabolite Isolation and Characterization-Appropriate fractions were collected from column effluents, the acetonitrile was removed under N 2 , and metabolites were recovered by extraction with diethyl ether. The methyl esters of 3-hydroxy acids were derivatized by reacting them with equal volumes of N,O-bis(trimethylsilyl)trifluoroacetamide (Pierce) and pyridine for 30 min at 60°C. Mass spectrometry was carried out with a Hewlett-Packard Model 5970 mass selective detector and a 5770 gas chromatograph containing a 30-m ϫ 0.25-mm inside diameter, DB5-ms column (J & W Scientific).
RESULTS
The results in Table I compare rates of esterification of fatty acids into 1-acyl-GPC with microsomes from rats fed Purina chow with, and without, 0.5% clofibrate. Rates of acylation of 20:5(n-3) and 22:6(n-3), from rats fed Purina chow, were similar to those reported by Lands et al. (15) . Microsomal esterification of 24-carbon acids into 1-acyl-GPC would curtail their rapid movement to peroxisomes for chain-shortening. Both 24-carbon acids and 22:5(n-3) were poor substrates for acylation with peroxisomes from rats fed chow. When clofibrate was added to the diet, it still was not possible to detect any activity with 24:5(n-3), and the rate of 22:6(n-3) acylation was considerably greater than for its precursor, 24:6(n-3).
Acyl-CoAs are the true substrates and products of both microsomal desaturation (17, 18) and malonyl-CoA-dependent chain elongation reactions (19) . Presumably, when 24-carbon acids are produced in the endoplasmic reticulum, they also are acyl-CoAs. It is not known whether acyl-CoAs move directly to peroxisomes or whether they are hydrolyzed by cytosolic acylCoA hydrolases (20, 21) . In the latter case, they must be reactivated by peroxisomes in order to serve as substrates for acyl-CoA oxidase. The results in Table II show that reaction rates for the microsomal activation of all five acids increased when clofibrate was added to the diet. With peroxisomes, the addition of clofibrate increased the rates of activation of 20: 5(n-3) and 22:5(n-3) but not the other three (n-3) acids. Since all fatty acids were activated by peroxisomes, albeit at different rates, the subsequent studies were all carried out by generating acyl-CoAs in situ.
We reported that when [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]7,10,13,16-22:4 was incubated with peroxisomes, microsomes, and 1-acyl-GPC, the preferred metabolic fate of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]5,8,11,14-20:4, when it was produced via ␤-oxidation, was to come out of peroxisomes for esterification by microsomal acyl-CoA:1-acyl-GPC acyltransferase, rather than to serve as a substrate for continued ␤-oxidation (12, 13). These results suggested that selectivity for peroxisomal ␤-oxidation, versus microsomal acylation, was a major intracellular control for determining membrane lipid fatty acid composition. In the studies depicted in Figs. 1-3 , 100 M levels of labeled (n-3) acids were incubated alone with peroxisomes from rats fed clofibrate, as well as when incubations also contained microsomes and 1-acyl-GPC. In addition, 50 M levels of the labeled acids were incubated with peroxisomes from rats fed Purina chow with, and without, 0.5% clofibrate. (Fig. 3) , the amount of acid-soluble radioactivity produced after 5 min, from rats fed clofibrate, was similar when the substrate concentration was 50 and 100 M.
Rates of ␤-oxidation at 5 min, from rats fed chow, ranged from 6 to 14% of that found for peroxisomes from rats fed clofibrate.
The results in Fig. 1, A and B, show after 5 min that 7.8 and 0.6 nmol of acid-soluble radioactivity were produced, respectively, from 3- -enoyl-CoA isomerase activity, are required for the second cycle of 24:6(n-3) degradation (22) . When incubations also contained microsomes and 1-acyl-GPC, there was a reduction in the production of acid-soluble radioactivity from [3- Fig. 1A) . The addition of microsomes and 1-acyl-GPC to peroxisomes did not decrease the production of acid-soluble radioactivity from [1- (Fig. 2B) , which is a measure of the second cycle ␤-oxidation. In a similar way, the addition of microsomes and 1-acyl-GPC to peroxisomes decreased the rate of ␤-oxidation of both [1- Fig. 3B) . The results in Table III compare the nanomoles of radioactive acids esterified into 1-acyl-GPC when peroxisomes were incubated with microsomes and 1-acyl-GPC. When 1-14 C-labeled acids were incubated under these conditions, the fate of the substrate is dictated by its preference for peroxisomal ␤-oxidation versus esterification by microsomal acyl-CoA:1-acyl-GPC acyltransferase. With 1- nmol, respectively, were esterified into 1-acyl-GPC. The rank order relative to the nanomoles of fatty acids esterified was the same as was the rate of esterification when rates of acylation were measured directly with microsomes (Table I) . At 5 min, 10.2, 31.2, and 1.2 nmol of acid-soluble radioactivity, respectively, were generated when 1- Neither 24-carbon acid was readily esterified into 1-acyl-GPC when they were incubated alone with microsomes (Table  I ) or in the microsomal-peroxisomal mixing studies (Table III) . When 3-14 C-labeled 9,12,15,18,21-24:5 and 6,9,12,15,18, 21-24:6 were incubated alone with peroxisomes, 7.8 and only 0.6 nmol of the two substrates, respectively, were metabolized through two cycles of ␤-oxidation after 5 min ( Fig. 1) As shown in Table I , the rate of acylation of 4,7,10,13,16,19-22:6 into 1-acyl-GPC by microsomes was 8.3-fold greater than for 7,10,13,16,19-22:5. In the mixing experiments (Table III) , 41 and 6 nmol, respectively, of 4,7,10,13,16,19-22:6 and 7,10, 13,16,19-22:5 were esterified when they were generated from the appropriate 3- 
(B).
Peroxisomes (300 g of protein) from rats fed Purina chow containing clofibrate were incubated with 50 M (q) or 100 M (E) substrate as well as when incubations with 100 M substrate also contained 100 M 1-acyl-GPC and 300 g of microsomal protein (å). In addition, 300 g of peroxisomal protein, from rats fed Purina chow, were incubated with 50 M levels of substrate (Ç). . Peroxisomes (300 g of protein) from fats fed Purina chow containing clofibrate were incubated with 50 M (q) or 100 M (E) substrate as well as when incubations with 100 M substrate also contained 100 M 1-acyl-GPC and 300 g of microsomal protein (å). In addition, 300 g of peroxisomal protein, from rats fed Purina chow, were incubated with 50 M levels of substrate (Ç). . Peroxisomes (300 g of protein) from fats fed Purina chow containing clofibrate were incubated with 50 M (q) or 100 M (E) substrate as well as when incubations with 100 M substrate also contained 100 M 1-acyl-GPC and 300 g of microsomal protein (å). In addition, 300 g of peroxisomal protein, from rats fed Purina chow, were incubated with 50 M levels of substrate (Ç).
of acylation into the acceptor.
Of the substrates that were used in these studies, [1- -dienoylCoA isomerase operating in the reverse direction (25) . The accumulation of 2-trans-4,7,10,13,16,19-22:7 suggests that the reaction catalyzed by NADPH-dependent 2,4-dienoyl-CoA reductase, in addition to fatty acid oxidase, may play a regulatory role in peroxisomal ␤-oxidation.
Since the above studies were carried out with 100 M 4,7,10,13,16,19-22:6, additional experiments were carried out to determine if the substrate for NADPH-dependent 2,4-dienoyl-CoA reductase accumulated when 4,7,10,13,16,19-22:6 was generated in situ. The results in Table IV show The accumulation of 2-trans-4,7,10,13,16,19-22:7, when either 22:6(n-3) or 24:6(n-3) was the substrate, implies that the enzyme NADPH-dependent 2,4-dienoyl-CoA reductase catalyzes a control step in peroxisomal ␤-oxidation. When These two substrates differ in that the third double bonds are located, respectively, at carbons 7 and 8.
DISCUSSION
The diagram in Fig. 5 depicts a simplified overview of the factors regulating the biosynthesis and subsequent incorporation of 4,7,10,13,16,19-22:6 into membrane lipids. The diagram implies that dietary linolenate is metabolized to 6,9,12,15,18,21-24:6, via 5,8,11,14,17-20:5 , by a series of chain elongation and desaturation reactions in the endoplasmic reticulum. Any fatty acid in this metabolic pathway may also be removed and esterified into precursors for phospholipid biosynthesis. These processes are also localized primarily in the endoplasmic reticulum (1-3) . If 24-carbon acids were rapidly esterified into acceptors in the endoplasmic reticulum, it would, in essence, curtail their movement to a site for partial ␤-oxidation. When 24-carbon (n-3) and (n-6) acids were incubated with peroxisomes were incubated with 1-acyl-GPC and microsomes Peroxisomes (300 g of protein) from rats fed Purina chow containing clofibrate were incubated with 100 M fatty acid, 100 M 1-acyl-GPC, and 300 g of microsomal protein. After 30 min, the incubations were terminated by the addition of CHCl 3 and MeOH followed by the addition of 100,000 dpm of 1-palmitoyl-2-sn-[(1-oleoyl- 14 C]glycero-3-phosphocholine. The phospholipids were separated by silicic acid column chromatography and interesterified. The nanomoles of esterified acids were calculated from the amount of radioactivity associated with methyl oleate in the HPLC radiochromatograms. hepatocytes, only small amounts were esterified into phospholipids (4, 5) . By direct measurement, it was now shown that both 24:5(n-3) and 24:6(n-3) are poor substrates for microsomal acyl-CoA:1-acyl-GPC acyltransferase. The implication of these findings is that when 24-carbon acids are produced in the endoplasmic reticulum they preferentially move to another site for further metabolism.
Based on other desaturation and chain elongation studies (17) (18) (19) , it is assumed that when 24:5(n-3) and 24:6(n-3) are produced in the endoplasmic reticulum they are acyl-CoAs and not free fatty acids. Rat liver cytosol contains acyl-CoA hydrolases which are up-regulated by feeding clofibrate (20, 21) . It is not known whether acyl-CoAs move from the endoplasmic reticulum to other subcellular organelles or whether they are hydrolyzed in the cytosol and subsequently reactivated. In the study reported here we observed that peroxisomes have the capacity to activate 24-carbon (n-3) fatty acids, albeit at a somewhat slower rate than for 20-and 22-carbon acids. The efficient synthesis of 4,7,10,13,16,19-22:6 requires that 6,9,12,15,18,21-24:6 is targeted to an intracellular site for partial ␤-oxidation. Microsomes, peroxisomes, and mitochondria all contain an identical protein that is designated as a long chain acyl-CoA synthetase (28 -31) . Microsomes and peroxisomes, but not mitochondria, also contain a second enzyme, which has not been purified, but it is designated as a very long chain acyl-CoA synthetase (32, 33) . If 24-carbon acyl-CoAs are hydrolyzed in the cytosol, and not reactivated by mitochondrial long chain acyl-CoA synthetase, it would be an efficient type of control to channel them to peroxisomes for activation and subsequent partial ␤-oxidation. This hypothesis is currently being evaluated.
The diagram in Fig. 5 implies that when fatty acids enter peroxisomes they undergo one or more cycles of ␤-oxidation followed by the transfer of the chain-shortened metabolite back to the endoplasmic reticulum for use in membrane lipid synthesis. In this study, as well as in previous publications (12, 13) , it was observed that generally there is an inverse relationship between rates of peroxisomal ␤-oxidation versus rates of acylation into 1-acyl-GPC. If double bond removal is not required for peroxisomal ␤-oxidation, that acid is a poor substrate for microsomal acyl-CoA:1-acyl-GPC acyltransferase. In summary, the results obtained here and in other studies (4, 5, 10 -13) show that there is considerable recycling of fatty acids between peroxisomes and the endoplasmic reticulum. The slow rate of NADPH-dependent 2,4-dienoyl-CoA reductase, a catabolic reaction, may be viewed as a major anabolic control point in the biosynthesis of 22:6(n-3). Once this acid is produced, it preferentially moves out of peroxisomes for acylation into 1-acyl-GPC rather than serving as a substrate for continued ␤-oxidation. The major objective of the above studies has focused on determining how peroxisomes and the endoplasmic reticulum interact relative to the synthesis of 20-and 22-carbon unsaturated fatty acids. It has recently been shown 5 . Pathway for the metabolism of (n-3) fatty acids. The schematic shows that when 5,8,11,14,17-20: 5 is metabolized to 6,9,12,15,18,21-24:6 in microsomes, any fatty acid in this pathway may also be removed by esterification into precursors for phospholipid biosynthesis. In addition, any fatty acid may move from microsomes to peroxisomes for partial ␤-oxidation followed by the transfer of the chain-shortened metabolite back to microsomes for phospholipid biosynthesis.
that when 5-14:1 and 5,8-14:2 are formed, respectively, by ␤-oxidation of oleate and linoleate, they are used as substrates to covalently modify photoreceptor-specific proteins (34) . A number of different studies now clearly show that peroxisomes are required for producing acids that are subsequently used as substrates for a number of different anabolic reactions.
